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1. INTRODUCTIONA DSTATEMENTOF THEPROBLEM
In seekingto investigatekineticallythosehomogeneousgas
reactionswhichproceetiat veryhighsped orat veryhightemperatures
we arefrequentlyledto thefieldof isentropicchanges6f statein
.* dissociatinggases,a fieldwhichasyethasreceivedno detailed
theoreticaltreatment.Thisisthemoreremarkblesincemorethan
. 30yearsagoW. Nernstyroyosedtheinvestigationfveryhighsyeed
reactionsklneticall.ythroughmeasurementofthespeedof soundat various
frequencies,thatis;a methodwherebyisentropicorapproximately
isentropicchangesof stateereimpressedon thegasandit isobserved
whetherthereactionscorrespondingtatheequilibriumstatecanor
cannotfollowthesoundfrequencyused,&e velocityof thesound.being
differentithetwocasesl.Thissounddispersionmethod,_inwhichmore-
overinsteadofthe’soundvelocitythesoundabsorptioncsnlikewisebe
measuredasa functionofthefrequency,hassubsequentlyoftenbeen
used,particularlyafteritwasshownby H. O.Rheser2thatalsothe
transitionfromtheenergyof translationi tointernal-molecular
energy(primarilyenergyofvibration)canbe kineticallyinvestigated
by soundtestsof thisktid. Howeveritwasstillimpossibletoapply
thesounddispersionmethodto casesofmorecomplicatedreactionkinetics
sincetheevaluationformulasof suchsoundtestealwaysassme a
lmowledgeof thekineticlaws3(h particularthedependenceof the
*’LIsentropfscheZustandsd!nderungeninDissoziierendenGasenunddie
MethodederSchalldisyersionzurUntersuchungsebrSchnellerHomogener
Gasreaktionen.“ ZeitschriftirElektrochemie,Bd.48, Nr.2, 1942,
pp.62-82. (Theconclusionofthis
@blishedasNACATM1269.)
lSeedissertationbyF. Keutel
l Berlin1910.
%. O.~eser,Ann.Physik11,
. %ee A. Einstein.Sitzun6zsber.
paper, sectionsV toVIII;hasbeen
conductedh theNernstLaboratory,
761 (1931). I
Preuss.AkE@.Wiss.Berlin,1920,
380 to 385. H. O. Kikser, &. PhysikLL,761(1931),andH. O:Kneser
-.
..
anaO. Gauler, Physikal. -ztsck . 37,677-to684(1936).:
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reactionvelocitiesontheconcentrations)andonlytheremaining
undeterminedreactionveloci~constantsareobtained.Thustheproblem
stillremainedof derivingan evaluationformulaforsuchsoundtests
whichisfreefromanyrestrictingassumptionsa regardstheunknowm
reactionvelocities.
Thekmowledgeof theisentropics.ofdissociatinggasesisalso
required.,however,fortheunderstandingofnumerousgasdynamic
phenamenainhotcombustiongases.Suchphenomenacanbe verywell
studiedinpipesforwhichpurposeseveralrelationsofG.Ilsml&lerand
AdemSchmidtwererecentlyobtained..4In theserelatlonsthereagain
alwaysoccurstheisentropicexponentwhichfornondissociatinggases
agreeswiththeratioof theheatcapacitiescp/cv=R. This,however,
doesnotholdfordissociatinggases.Butin thiscasetooitwas
recentlyfoundby G.Dsmk&lerandR. Edseforseveralexamplestn
asyetunpublishedcomputationsthattheisentropiccanbe represented
hy thegeneralpolytropicequationpVm= const.(p= pressure,T = volume
evenoverlargepressureintervals.If,forexample,thegasesofthe
stoichiometricCO combustion(CO+ ~ 02as theinitialmixture)which
areassumedinitiallytobe at 40atm.and3450°K are expanded
isentroplcallyto 6 atm.andthenagainto1 atm.s,thetem~eratures
assumethevalues2973an.i2615oK; thetotalnumberofmoleschanges
from1.197 to 1.142 to 1.099 (refereedto1 moleCO +~mol 02as
initialmixture)so thattheisentropicexponentm becomes1.115 in
theupperpressureintervaland1.103 in thelowerpressureinterval.
Thevalueof m thuschangesby onlyabout1 percenteveninthislarge
interval.
),
In thefollowingwe canthereforerestrictourselvestothe
treatmentofthedifferentialisentropicchangesin statein
dissociatinggases.Itwillbeassumed,however,thatseveral
dissociationequilibriumstatesoccursincethisispracticallyalways
thecaseforhigh-temperaturereactions.In thedissociationfpure
C02jforemple, we havetotakeintoaccountboth
2 C02*2 co + 0.2 (1)
4m&ler, G.,-d sc~dt, A,,Ztschr.Elektrochem.47, 547to 567
(1941).
%uch pressurerelationsoccurforexampleinthecaseofdetonation
headsinpipes.
9
*
“.
u
.0.
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(-J2*2 o
.
In the combustionof hydrocarbonswtth oxygenwehave to consider
three additional equilibria
3
(2)
2%“~~ +-2 OH,
~~2 H
*. SXLd.inthepresenceofnitrogen,alsothereaction
.
.
N2 + 02#2 NO (6)
Inwhatfollowstheprotlemof thedifferentialisentropicchanges
of stateindissociatinggases-willbe treatedquitegenerally,namely,
theatt..abmentof completequilibriumat eachinstanton theonehand.
andon theothertheincompleteequilibriumstateinthesonicfield..
A generallyvalidformulaforthereaction-kineticevaluationof sound
dispersiontestsisobtained.Almostallphyslcsleffectswhichlike-
wisegiveriseto sounddispersionandcanthereforeactas disturbing
factorsared.iscwsedsmdqutitativelyestimated.Generalyoints
ofviewareobtainedfortheexperhnentalcarryingoutof soundtests
(3)
(4)
(5)
inthehigh-temperaturerange.-
II.THEDIFMUWNTIALISENTROPIC
COMPLETEAttainmentOF
We considera definitequantity
variouskindsofmoleculesj,among
—
EX3?ONENTm FORTEXCASEOF
CHEMICALEQUIILKRTUM
.
ofan idealgasmixtmeof
whichexistn the
~ical@
mutuallyIndependentequilibriumconditions.To thesecorrespondna
overallreactions,whichhowevercanle arbitrarilychosento some
extent.
4T
v
Thefollowingsymbolswilltieused:
Nj
J
N=>j ,
H
K = cp/cv
m
absolutetemperature(OK)
volumeofgasconsidered
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numberofg-molesofthetype j contained
in V
totalnumlerofg-molescontiinedin V
molarweightof theparticlesoftype j
density
g-molesof thetype J inunitvolume
partialpressureofparticlesof t~e J
,
totalpressure
gasconstant= 1.986cal/moledeg= 8.313x u)7
erg/moledeg
molarheatat-constantpressureof the
moleculesof type j
molarheatat constant
of type j
enthalpyofgassystem
partialmolarenthalpy
volumeofmolecules
considered
ofmoleculeoftype j,
heatcapacityof thegassystemconsidered
at constantpressureandconstantnumber
ofmoles
.NJ
heatcapacityofthegasat-constantvolume
andconstantnumberofmoles NJ
exponentintheisentropicpl@= constant.
—
e.
—
-.
--
,U
.-
“—
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The 2th overallreactionisassumedto satisfythe
-. equationof the&pe
@
v~~xl +
II-+~+32%+
where
stoichiometric
,
(7)
Xj isthechemicalsymbolforthemoleculeof
thet~e j
H‘j 1 theabsolutevalueof thestoichiometricconversioncoefficientofthemolecules
of type j (firstindex)forthe 2th
reaction(secondindex);forthereaction
. goingfromlefttori t, corresponding
%to theEuckennotationwe have
.
vj~> 0 if themoleculeoft~e j vanishes
Vjz< 0 if themoleculeoft~e j originates
Vjz =0 ifthemoleculeof.type‘j re~insunchanged
$v~= Vjz
heatofreactionat constantpressurefor
the Zth chemical
A differentialisentropicchsmgeinstate,
thegasmixtureconsideredmustontheonehand
fundamentallaw,i.e.
reaction
tidicatedby 5, in
satisfythefirst
(8)
.
61?reci.selytheopyositesignconventionisusedby American
investigators.
6or with the relation
()g ~jT
withtheabovenotation.
CP5T-
On theotherhandeachof the
.
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= O whichholdsforidealgasesand
n independentoverallreactionsmust
. satisfythebw ofmassaction,which~orthe Zth reactionassumes
theform
Jxv@npj = lnq,
(9)
(lo)
where Kz denotestheequilibrium.constantwhichde~endsonlyon the
temperature.Forthedifferentialchangeinstatewe havetherefore
n furtherdeterminingequations:
(11)
In equations(9) and (11) wenowreplace the differential changes
8T, ~PJ, and ~Nj by themagnitudesW, 5P,and bzm where bzm
indicateshowoftenthe mth reactionequation(7)forthedifferential
changeinstatehasproceededfromlefttoright.We have
(12)
m
NY=x-vm5zm . (13)
From
(14)
pv=mJ’1 (l’j)
“.
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7
fOllows
.
.
andfrom
thereisobtained
m
x,( )
g=~.y+~.w+ ~m ——N bZm
P P
- ‘Jm‘J N
.
(16)
(17)
(18)
Substitutingtheseexpressionsin theequations(9)ad (11)andusing
thereisobtainedas theexpressionforthe
ti
‘?It (19)
first fundamentalaw:
andthelawofmassactionofthe 2th reactionIsgivenby
(20)
.
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Forbriefnesswewrite:
&
‘1 =MJz-HIg
3WzBzm==~m+ z‘J7,Vjm# -V2Vm3
w~
Cz=fi-vt
(22)
—
(23)
(24) —
hence
.
andobtainfromthe 1 + n equations(20)and(21)thesystemof
—
equations
. . . .
. . . . I
J
.
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Fromtheabovesystemofeqyationstheisentropicexponentm canbe
immediatelycomputed.For,from
we have .
andtherefore
p# = Const.
o Al 4“” “%
‘1 %1 ‘1-2””” B~
‘2 B21 ?22”””%1
. . .
.
. . .
.
in illim”””in
1 Al %“””%
c1 Bll BE . . .Bb
C2 % B22. ..B2D
. . . .
. . . .
.
Cn L L“”*L
(27)
(28)
-=lc+~
+2 (29)
.
Theisentropicexponentm Indissociatbg @ses is thus referred to the ratio R of ths
molar heatsd theratioof two detxmdnants Al @ ~. Thedimensionlessmagnitudes3n
thelatterAZ, Mm, Cl are fmediately given as soon as the compositionof the gas ad the
P
o
heatflofreactionofthe n overallreactionsarelmown.In ordertiavoidanyerrorsIn
wrltlngtheindicesItiElmstW preparea tableofthe u overallreactionsaswe d@.1 see
below.Thetwodeterminants~ and + aretoa largeextentsymmtiicallyconstructed@
contain 1 + n rows ccrree”pomtlngto the first fundamentallaw d the n maas action laws for
the n thermdynmi sally independentchemical reaction possibilities. It is hmuajprialinwhat
mnner the latti.rare expressed. H, for example, the original overalJ reaction (2) is replaced(9by a reaction ~ whichthe reaction 2 taken
,.
is ohtalned by the addition of the reaction
y times there folkwe from (22) to (24)
[1A5=lc(xvl+yvJ- ~-l~lR;f12 = XAl
CIJtakenx%mmand
+ YA2 (30)
(31)
1 , *
,,, 111, ,,’
Xwl+ yw2
%5 “ ~~ (ml+YV2)+.$(xv#l
-.
We then have far the determimtion in
52
1 %.%2”””%
. . . .
. . . .
. . .
(34)
thedenominator h (29)
1 Al (Xfq + y+)
c1 % (* + y%)
. .
in iii (& +yBJ
. . . An
... %
. ..(~+yw.
.
.,. in
(35)
—12
NACATM 1268
.
Thelastdetermi~tremainsunchangedifwe subtracthesecondrow
multipliedhy x fromthethirdrow. Thereisthenobtained:
1 Al (xA~+ y+) . .
c1 B~ (x%.1+ YBE) . .
&= yC2 YB21 Y(x3321+ Y1322). .
. .
.
. .
.
c; ill (~;y~)..
Ifwenowsubtracthesecondcolumnmulti~li~by
columnthereisobtained:
%. YB12. ..Bh
.
.
.
.
.
.
.
.
.
“%
. ‘h
. YBa
.
.
“ “in
(36)
.
x fromthethird
.
.
(37)
Takingthecommonfactors
thedeterminantwe have of thethirdrowa@ thethirdcolumnoutside
& . Y24
Ina similarmannerwe haveforthe
& =
newdeteniinant
y2Al
(38)
in the numerator
(39) w
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sothatthequotientbecomes
(40)
Thusithasbeenmathe~ticall.yproventhattheexpression(29)
fortheisentropicexponentm is independentof themannerinwhich
the n thermodynamicallyindependentreactionpossibilitiesae
expressedby n overallreactions.Physicallyof courseno other
resultcouldhavebeenexpected.
III.TEEINCOWU!?TEA’lIl?AINMENTOF CEEMICALE~lXRIOMINTHE
PI&NESOUIUIWASIE(NEGIJ3CTINGTHEEFFECTSOFHEATCONDUCTION,
. 3RICTIONAND”DWUSIONONTEESOUNDDISPERSION)
-, i%a soundwaveisallowedtopassthrougha gasthelatteris
subjectedtoperiodicompressionsandexpansionswhich,toa first
approximation,areisentropic.In thecaseofa dissociatinggasfor
sufficientlyhighsoundfrequenciesthechemicalreactionvelocitiesare
no longersufficientforthe’attaimnentof completequilibriumand.we
havethecaseof sounddispersion.In thetheoreticaltreatmentof the
latter.whichispartlyalsoa problemofflowtheory,threeconservation
lawsaretobe takenintoaccount:theconservationfmass(continuity
equations),theconservationf energy(firstfun&mentalawof
thermodynamics)andtheconservationfmomentum(Eulerequationof
hydrodynamics).
We considera definitegasmass,i.e.a volumeT, fixedwith
respecto theflow,of suchsmalldimensionsthatthesamestatemay
be assumedthroughout.Thisvolumechangeswithtimeby differential
amountsin thefollowing=nner:
Continuityequations:
(41)
“
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.
where w isthe
ylanesoundwave
(42)
(43)
flowvelocityata pointfixedin spaceoverwhicha
passesinthepositiveornegativedirection.
Energyequation:
(44)
.
..
‘m_.
cP& vQ&:wm=-
Momentwneqwtion:
.—
(46)
.
(45)
Equations(41), (42), and(45) agree with the previous equations
(m), (13), and(9). Equations(43)~d (46)arerespectivelythehydro-
dynamicontinuityandmomentumequation.Inequation(46)theadded
frictiontermisneglectedsmdin equations(44)end(45)theaddedheat
conduction.Theparticleinterchangethroughdiffusionbetweenthe
neighboringgaselementsislikewisenottakenintoaccount.
—
.
or on substitutingtheenthalpyH = E + pV andaftersomecomputation
Fora sufficientlysmallsoundintensityallthestatevariables
carryoutsinusoidalvibrationsaboutcorrespondingmeanvalues
characterizedby theindexzero.To a firstapproximationtheyagree
withthecorrespondingmagnitudesof theequilibriumequationsofthe
NACATM1268
H
mediumwithout
15
sound.waves.7We may thereforeset:
P =Po+~P
N =NO+5N
Cj=c + 5CJO J
(47)
5zm=Ee(’me=‘9
8W .ge(~e~ ‘ht)
where ~eo denotestherealpartof (). Theunderlinedsymbolsare
complexmagnitudeswhichtakeintoaccounthephaseanglesbetween
thevariousmagnitudesandareassumedindependentof x and t;g is
complexand h ispureimaginary.Theydependon thefrequencyf,
theso- velocitya andthedampingconstanty forthesound
amylittieinthefollowingmanner:
gx+ht=
[1
2YtfitT*Tyx (48)
7Thedifferencebetweenthemeanpressurevalue PO in thesound
waveandthepressureinthemediumwithoutsoundis,forexsmple,ofthe
. orderofmagnitudeof thesoundradiationyressure.Thelatteris
proportionalto theenergydensityh thesoumiiwaveandtherefore
proportionalto thesquareof thesoundamylitude.Thealovementioned
. pressuredifferencecamtherefore,forsufficientlysmallsouredamplitudes,
be neglectedasa smallsecondordermgnitude.
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or
.
.d*23Tf— = imaginarypartofg, i.e. y(g)2fif aa= !Jm(g) (’)i2?rfsincegx= T — +7xs. (49)
and
*
7 = ~e(g)l { andy=
realpartofg. (50)
Forthetimevariationinmovingforwardwiththeflowalongthepath
curvedF/dt ofanymagnitudeF intheequations(41)to (46)we
canalsowrite
(51)
where bF/% and bF/ax arethepartialderivativesat a pointofthe
spatiallyfixedcoordinatesystem,relativetowhichthegasparticles
moveperiodicallywiththevelocityw. Inequation(51)thesecond
termontherightvanisheswithdecreasingsoundintensitymorerapidly
thanthefirsttermontherightbecausetheformerisproportionalto
thesecondpowerwhilethelatterisproportionalto thefirstpowerof
thesoundamplitude.Wemaythereforethroughoutreplacethe
operationd/dt by @ anduseitdirectlyontheexpression(47).
Themagnitudedzm/dtintheinitialequations(41),(42),Ud (45)
indicateshowoftenthe mth overallreactionoccursinthevolumeV
ofthegasandisthusproportionalto.themthreactionvelocity.It
dependsnaturallyalsoonthevelocitiesoftheindividualelementary
reactionsbutthesedonotenterseparatelyin-thefinalformulastobe
derivedforthesounddispersion,sincetheyarenotcontainedin”the
initialequations(41)to (46).Henceonlythevelocitiesoftheover-
allreactionscanprimarilybe determinedfromsounddispersion
experimentsandnotthevelocitiesoftheelementaryeactions.
*Addedby theNACAreviewerforcierity.
.
—
n
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1
and
at a
at a.
We-consideragainthe Zth totalreaction
I IIV1ZX1+V2ZX2+...~~5zX5+ ‘6zX~+.. .+WZ, (7)
denoteby
~~ itsfrequencyfromleftto rightperunitoftimeandvolume
giveninstant;
~ itstrequencyfromrightto leftperunitoftimeandvolume
ig veninstant,
Uz itscorrespondingfrequencyfromrightto leftandlefttoright
intheequilibriumstate(stateinthemediumwithoutsound= meanvalue
ofthestateinthemediumwithsound),where ~Z =6z = Uz.
For dzz/dtthereisthenobtained
.
dzZ
—=
. V(;Z-dt GZ) (52)
+
Thereactionvelocitiesu~ and ~Z dependonthetemperatureT ~
andthevsriousconcentrationsCj. Sinceonlyverysmallchangesin
statesre+assumedimpressedon thegasby thesoundwavethemagnitudes
Uz and Uz differonlyby a smallsmountfiomthereaction-velocityUz
inthesound-freeequilibriumstate.We maythereforedeveloptheftrst
orderto srrivelateratmoregeneralformulasfreefromspecial
assumptions:We startnotwith ~1 butwith ln~z:
>
or
.
.
18 NACA~ 1268 .
-.
andsimilarlyfortherightto leftreaction *
Intheneighborhoodf
and & areno longer
mustpossessuchform
“4
theequilibriumstatethevelocitiesUz
entirelyindependentofeachotherbutmathematically4
thatinthestateofequilibriumitselfwhere Uz
and ~1 becomeequalthemassactionlawapplies, i. e. for our .
reaction(7):
c1I‘lZ C2’22...
= const.
‘5z C6V6ZI...
‘5
(55)
.
Thisispossibleonlyifwe set: .
u,= &cJ ’121 CJ’271. . . F(T,c1,c2,...cj)+ (56)
and
u, &zc~V5Zl C)V6ZI& ... F(T,C1,C2,...CJ (57)
.
InbothequationsontherightthereisthessmefactorF(T,cI,c2,...cj)
whichotherwisemayquitearbitrarilydependonthetemperatureT andthe
concentrationsc .J Itisnotdifficultto seethatby meansofthe
expressions(56)and(57)allreaction-kineticlawsforthereactionsin.
eitherdirectioncanbe represented,subjectotheonlyrestricting
condition,nsmely,thatisequilibriumtheymustleadto equation(55).
Themagnitudes~1 and kl inequations(56)and(57)arethereaction
velocityconstantswhichdependonly
to theArrheniusequation
onthetemperaturecorresponding
ad, (58)
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,
. and
.
(59)
where ?2 =d fz sretheheatsof activationforthereactionsinthe
correspondingdirections.Substitutingtheexpression(56)to (59)in
theequations(53)and(54) sndthensubtractingthetwolatterfrom
eachotherthereisobtainedafterbriefcomputation
(60)
TheasyetundetemninedfactorF(T,cl,c2,...CJ)inthee~ressions(56)
. and(57) droppedout in the subtraction.8 The-stoichiometric coefficients
inequation(6o)againhavethesignscorrespondingto theEucken
notationgivenabove.Inequation(6o)thereoccursthedifference
. Gintheheatsof activationiz - qz whichmaybe expressedinterms
oftheheatofreactionWz. Fromthekineticequilibriumcondition
Lqo‘MC20‘2Z ... =1 or ~~z
I
J 9 -lntz.=-
G ‘5Z c ‘6z%C50 60 ““”
~vj2c~0 (61)
.
andthethermodynamicequilibriumcondition
J
l-IIKZ=~vjz~Pjo =5[vjzlncjo+ln~+ln T1.
we have
In2Z-ln$z=- lnKz+Vzln~+lJZlnT
(62)
(63)
‘Atthispointitisreadilyseenwhywe developedabovetheTaylor
.
seriesnotfor ?Z butfor in&Z
.
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.
ordifferentiatingwithrespecto thetemperatureT withaccount
takenof (58),(59),and(11)
Finallymakinguseof
m
_ -8V-
1
~zmblncj= -bin V+51n NJv ‘jmNNjN——
andthepreviousrelation
thereisobtainedfromequation(6o)afterbriefcomputation
(64)
(65)
(16)
—
.
overintothepreviousequations(21).For,
isobtained,usingequations(47)and(48)~
fromequation
Theaboveequations(66),ofwhichthereexistasmanyasthereare
thermodynamicallyindependentoverallreactions,completelycorrespond
tothe n previousequations(21)as is seenby comparisonofthe
factorsinparenthesesEquation(66)nowcontainsalso,however,the
reactionvelocitiesUZ,~l,and Uz ofthe Zth totalreaction,as
mustbe thecaseinthesounddispersionfield.Forverysmall
frequenciesf orveryhighreactionvelocitiesUZ equations(66)go
-+U2-$2
‘--’’ek~gx+h$
1 $lZl
‘2 U2V dt
anexpressionwhichisproportionalto thesoundfrequericy
.
l
(52)there
(67)
f and
.
inver~elyproportional~o~hereactionvelocityU2 inequilibrium.
, .
If we introducethe dimensionlessmagnitudes
&2fiflJ_ 2nf C,iPzz=y-
U2
and again use the previous notation
and equations (4.7)there is obtained froM equation (45),which leads to the previous
equation (20), end from equations (66),afterbrief computation,the system of equations
.
>
(22)
(23)
(24)
Erom the above there is obtained for the ratio of the relative pressnre changes to the relatlve N
Lensltyand volume cnangefirespectively,In tne souna wave
o % A2 ... An
Al (B~~+iPIl) BE ... Bh
42 %21 (+2+ M&}... E%
. . . .
. . .
. .
. .
1 Al 4? ... “%
c1 (Bn + @H) BE ... B~
C2 %?1 (%!2+iW)... B~
. . . .
, . .
. . . .
.
Cn & 42 ...(~ii’~ I
%3
Cl
Equation (70) oesoverintothepreviousequation(29)iftheph@aeanglegin the
fexpressionme T on the right vanishes, i. e. if in the determinants Al’ and 4’ the i
?Che phase angle q indicatesby how nuch the pressure change 5P in the sound wave leads @
E
the densi~ and volume changes Bp and W respectively.
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imaginaryterms iqzz vanish.
thecaseforsufficientlysmall
Accordingto equation
soundfrequenciesf
23
(@) this iS .
or sufficientlys
highreactionvelocitiesUz. Thuswe havealsoderivedourprevious
equation(29)by a purelykineticmethod.
ThedeterminantsAl’ and ~’ csnbe obtainedfromthe
determinsmtsAl and & respectivelyof equation(29)by substituting
inthelatterforthe BZm valuesthosevalueswhichsatisfytheequation
IIBzm’= Bzm+ ipzmr
withtheaddedconditions .
[
2?ENfor Z =m
‘?ZJ’Q=“~v
o for 2+m
Theratio pp/pr givenby theexpression(70)can
fromthepurely~dr~dynamicequations(43)and(46)by
theexpressions(47)andreplacing,asbefore,d/dt by
havefrom(43)
h+=- hs=gw
P-
smdfrom(46)
andmultiplyingthetwolastequations
h2r. &p or finallyg= %
n
PP~
p: P
(71)
alsobe obtained
substituting
a/at. We then
‘ (73)
Substitutingintheaboveequationtheexpression(70)andsetting
(74)
(75)
(76)
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where ~ isthemesmmolarweightthereisobtained
‘=*=Ef0s8-isi”$=T(-+’).(77) —
—
—
Thusthesoundvelocitya andthedampingconstanty arereferredto
themagnitudesm and Q computablefromequation(70).Forwehave
—
.$
24)
Thedampingofthe”soundwaveperwavelengtht = a/f isgivenby
(78)
(79)
.
(80)
Sincephysicallythedampingconstant7 entersonlyasa positive
valueintheexpression(48)itfollowsfrom(79)thatalsothephase
angle(p,whichalwaysamountsto onlya fewdegrees(seebelow),is
positive,Henceaccordingto equation(70)thepressurech~ge 5P
leadsthevolumeanddensitychanges8V and 8P respectively.Ithas
alreadybeenshownclearlybyE. O.Kneser(Ztschr.Techn.Physik16,
PP. 213-219(1935))thatonlyinthiswayisthereobtainedforperiodic
changesof state(onthe pV-diagram)a closedcurveleadingto energy
absorption.
Equations(70)emd(78)snd(79)canbeulitizedinthefollowing
mannerfordescribingthekineticrelationsinmultiplyingdissociating
gases:For a constantgascomposition,fixedpressureandtemperature,
definitenumericalvaluesareassumedforthe n reactionvelocitiesUz,
and m and q valuesarecomputedby equation(70)forvariousound
frequenciesf andfromthesewiththeaidof (78)and(79)thesound
velocitya. orthedsmptngconstant7. Thereisthendetermined,in
a seriesofmeasurementsforthesamegascomposition,thesamepressure
andthesametemperature,thesoundvelocityorthesoundabsorption
as a functionofthefrequency.Finallytheexperimentala-f and y-f .
NACATM 1268 25.
curvesarecompsredwiththetheoreticalcurvesandit is seenwhich
expressionfortheassumedUZ valuesgivesbestagreementwiththe
testcurves.If,inparticular,ofthe n reactionvelocitiesthe
numericalvaluesof n - 1 areknown(fromotherconsiderations),the
lastunknownreactionvelocityUn canbe givenexactlyforthechosen
testconditions.By systematicvtiiati.onfthelatterinvariousseries
oftestsinwhichagainthetotalfrequencyrsngeistraversedthelast
reactionvelocityUn canbe determinedas a functionoftheconcen-
trationCj endthetemperatureT, providedthattheserelationsme
alreadyknownfortheremainingn - 1 reactions.10Henceno special
reactionkineticlawisa prioriassumedfor Un butthelattercan
be quitesrbitraryandisdeterminedby comparisonof theexperimental
andtheoreticalcurves.Thenewproceduredescribedfortheevaluation
. of sounddispersionteststhusdiffersfundamentallyfromtheprocedure
usedthusfarsincethelattermakespecialassumptionsonthekinetic
lawsofalltheindividualreactionswhereaswe nowrequireonlya
knowledgeofthevelocitiesof n - 1 totalreactions.Thiswillbe
seenmoreclesrlybelow.
. IV.EXAMPLESFORTHE
1.OlderCasesofthe
APPLICATIONF THENEWFORMULAS
Reaction-KineticSoundDispersion
Beforewe applythenewlyderivedequationsontheproblemsof
particularimportanceofhigh-temperature-dissociationitwillbe shown
thatnaturallyallthecasesof sounddispersionalreadyconsideredby
otherauthorsarecorrectlydescribedby thenewformulas.We shsll
restrictourselvesto thecaseof incompleteattainmentof sn individual
dissociationequilibrium,whichwasfirstcomputedby A.Einstein,ll
andfurthermoretheincompleteattainmentof anenergyterm(vibration
term)in a molecule,asinvestigatedbyH. O.Kneser.~
Einsteinconsidersonlya singledissociationequilibriuminwhich
froma moleculeXI therearisetwoequalmoleculesXg sothatthe
reaction
We shall
equation~eads:
xle2x2+wl (81)
denote it by the ‘reaction index’ 1.
10Thisisalsosuperfluousifthesounddispersionis“mainly”
broughtaboutby a singletotalreaction.Seetheexsmpleofthe C02
dissociationbelow.
llEinstein,A.,Sitzungsber.Preuss.Akad.Wiss.,Berlin1920,380to 385..
‘~eser, H. O.,Ann.P@ik 11,761(1931)
.—
—
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Forthedoublyindexedstoichiometriccoefficients13thereisobtained
%1= 1 %1=-2 --
andtherefore
Einsteindoesnot
constantpressure
thatwe obtain
Fortheconstants
Al=tc~-(K
:
makeuse,aswe do,ofthe
butthedissociationheat
Wl=-(D+~T)
heatofreactionWI at
D at constantvolumeso
.
(83)
(22)to (24)thereisthereforeobtained
.
1)%= - K+(l$-
(- )
l)J&+l=(Ll)&l (84)
(85)
‘1 (_ )C1==+=-Q+l+ l==gRT (86)
ForthedissociationEinsteinassumesa
andfortherecombinationeof second
I —
reactionofthefirstorder
order.Thisgivesinequation(68):
U1=Zlcl =;1C22 .
13Thetypeofmoleculeisdenotedby thefirstindexandthe
reactionby thesecond.
.
t ,
or
llromequation (70)there is then obtained
[
~= EmeiP=l? ~+
-A12
}{ 1
(K - l)[BII + ipl~ - AICI] - A12
=; 1+” (8a)
r’ p P BU + i~ll - AIC1 Bll + ig~ - AIC1
Since (K- l) C1+ Al= - 1, we have
-[-
F- (N ‘)+ H+H$-l
(K-l)%+ ~+N2
Ppq =-1 +
r P
~+
RT
(:+*M+~F1)?l ‘1
or
.
(89)
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TakingintoaccounthepreviouslygivenrelationR/(~- 1) = Cv/N
thereisobtainedfinally
.
(91)
Thisequationis entirelyidenticslwiththeexpression(19)givenin
theEinsteinpaper(1oc.cit.)if,wenotethattheterminparenthesis
(1+ kN1/N2) isthereerroneouslywrittenas (1- hN1/N2).
Itmaybe remarkedthattheexpression(91)evenforthesimple
dissociationequation(81)isalreadyquitecaplicated.Inparticular
it isdifficultto seehowitcambe generalizedwhenthereareseveral
dissociationequilibriaunderconsideration.By way--ofcontrasthe
newexpressions(29)and(70)ofthepresentpaperareofverysymmetric
formsmdsuchthatthephysicalmeaningisclear.
.
M. O. ~eser14 considers a gaswhosemoleculespossessa single
internalener~ termandwhichinthesoundfieldisincompletelyexcited.
Inordertobe abletotreatthiscasewiththeformulasofthepresent
paperwe considerthegasasbuiltup oftwotypesofmoleculesXl
andX2: theformeris assumednottobe excitedintheener~ term
underconsiderationwhilethelatteris
c permol. Theexcitationmay
;~a%onl.5.
assumedtopo-ssesstheexciting
thenbe consideredasa chemical
(92)
whichoccurswithoutchsngeinthetotalmoleculenumberwiththeheat
ofreaction
W1=-6 (93)
,
~.
%eser, M. O.,Ann.PhysikII,761(1931)
l~Asa singlereactionit isdenotedwiththereactionindex1.
.
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Thestoichimnetriccoefficientssrethen
J
Vll=1 v21=-1 VI= x Vjl= o (94)
Inthecomputationf ~ onlythatpart &a ofthemolarheat & may
naturallybeusedwhich,independentlyofthesoundfrequency,isalways
fullyexcited(as-forexampletrsmslationalsndrotationalener~)and
correspondstotheso-calledexternaldegreesof freedom:(.-.theindexa)
Hence
Ca+R
K =-
C (95)_a
Theratiooftheinternallyexcitedto theunexcitedpsrticlesis-given
by theBoltzmannlaw
-E -<
N2 RF N m
—=-
N1 e —=l+e-smd *1
thus
forcompletequilibriumthepsrt Q1 ofthe
vibrationalinternalenergytermis
(-)
22
eRT
l%-
=R%-
()
~2
ml+e-
molarheat Qv duetothe
(97)
.
30
q correspondsto theheatcapacity
excitationenergy~. We thushave
-6
z GN+l?=e-+2+e -
~ N2
—
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ofa “Schottkyhump”16ofthe
.
L1 .L
e-
-.
Theconstants(22)to (24)thenbecome
Kneserassumesboththeexcitationand“deexcitation”f theinner
moleculartermasa bimolecularreaction,i.e.
(98)
(99)
(loo) “
.
(102)
Introducingthemeantimerequiredto attainequilibriumasusedbyKneser
P v=
N(i?+$)
andrememberingthataccordingto (96)and(102)k/k= e ~ oneobtained
.
l%ucken,Chem.,Eng.111,1, 104(1937)
.
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afterbriefcomputationforourexpression(68)above
(103)
Substitutingtheexpressions(99)to (101)snd(103)inequation(70)there
isobtained
-{}{
g=g ~ei~.2 1+ E(1+ i 2rcfJ3)
r P P }
ga(l+ i 2Ycfp)+ CJ (104a))
orusingequations(78)to (8o)
.
ml g~ 2#f2p
[ 1a CV(CV+ R) + ~(~ + R)(2fif~)2--
Yrql
\
(104b)
(lo4c)
(104d)
.
Theseequationsare
Equation(104d)representsasa functionofthefrequencyf a bell-
entirelyidenticalwiththoseobtainedbyKheser.
. shapedcurvewhosemaximumliesat
.
‘m=$E
(104e)
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smdwhosehalfvaluewidthinthecase c&% ~v liesat about3.8octaves. .
Theexsmpleconsideredaboveofthe~completemolecularexcitation
inthesoundfieldnaturallyrepresentsa verysimplecase. Considerably
morecomplicatedcaseshavealreadybeenbothexperimentallyand
theoreticallyinvestigated.17Of interestisthemoreorlessmutually
independentexcitationofthevariousnaturalvibrationsinthesmne
molecule.A theoreticalcontributiontothisproblemhasrecentlybeen
givenbyK1.SchZdfer.18It isnotimpossiblethatinthiscase,too,
theformulasderivedinthepresentpapercanbe successfullyapplied
ifitis.desiredtomakeno assumptionsofanykindonthekineticlaws
ofthevibrationexcitationandyetderivedefinitenumericalvalues
forthereactionvelocity.If,forexsmple,eachgasmoleculepossesses
twodifferentnaturalvibrationsthen,ina correspondinglychosen
temperatureange,themoleculescouldbe dividedintothefollowing
types:
1.moleculesXlwithoutanyvibrationexcitation
2.moleculesX2 inwhichonlythefirstnaturalvibrationisexcited “
3.moleculesX3 inwhichonlythesecondnatural.vibrationsexcited. -
Amongthesethreetypesofmoleculesthereexisttwoequilibrium
conditionssothatinequation(70)we have3-rowedeterminants.ThiS
exsmplewill,however,notbe furtherconsideredheresincethiswould
exceedthelimitsofthepresentpaper.We shalldiscusshowevera few
propertiesoftheoverallreactionsinvolved:
a.Fordescribingthepreviouslyassignedchengesinmolarnumbers
5NJ thetransformationfrequency5ZZofthe2-thoverallreaction
dependsonthechoiceoftheotheroverallreactionsalthoughthe
individualoverallreactionssrethermo@mnicallyindependentofeach “
othersincetheycorrespondto n independentequilibriumconditions.
b. Inparticularcasesfromthevelocitiesobtainedfortheoverall
reactionstheremaybederivedtheelementaryeactionsthatsreofmost
interest.
“~SeeinparticularthepapersoftheEuckenInstituteespecially
intheZtschr.physikal.Chem.B. since1934.
18Sch&fer,K1., Ztsch. physikal Chem.B. 46, pp.2u-228, 1940. ‘
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2.RelationsBetweentheOverallandElementuyReactions
Amongthethreet~es ofmoleculesXl,X2, andX3whichinourcase
representthreedifferentexcitationstagesortautomericformsofthe
ssrnechemicalsubstancewe havethefollowingessentialpossibilities
Reaction1 xl< X2
Reaction2 xl& x3
Reaction3 X2 ~ X3
(105)
(106)
(107)
Theycsmbe lookeduponas elementaryreactionsor asoverallreactions.
In thelattercaseotilytwoofthesethreereactionequationscsnbe
consideredasthermodynsmicall.yindependent.Thefrequencywithwhich,
forgivenmoleculsrchangesbNj,the Z-th reactionproceedsfromleft
torightisasbeforeassumedto be 8z~. Inthecaseof equilibriumthe
velocitiesoftheoverallreactionswillas+beforebe denotedby UZ,the
velocitiesoftheelementaryreactionsby UZ and uZ,dependingon
thedirection. +6Thequestionsas towhetherintheequilibriumcase U2 = UZ,
i.e.whethertheprincipleofmicroscopicreversibilityholds,maybe left
open. InTable1 aregiventhreepossibilitiesforthechoiceofthe
overallreactions(denotedby thethicklinesinthediagrsms)andthe
relationsbetweenthe 6Nj smdthe 5z2 andbetweenUz andthe
4
VS22iOUS Urn ad %m. Forthe 5ZZ end Ut thethreepossibilities
ofthechoiceoftheoverallreactionsme distinguishedby strokesabove ‘
thesymbols.
InspectionofTable1 leadstothefollowingconclusions:Although
inthetwocasesI andIIthessmeoverallreactionoccurs,nsmely,
Xl~ ~, thefrequenciesbzl snd 5=1 fordescribingsmymolar
numberchangesbNj areingeneraldifferent.For,ontheonehand
we have 5Z1= bN2 smdontheother 5=1= -bNl,and bN2 and -5N1
neednotbe equal.AlsothevelocityfrequenciesUl and tilcorre-
spondingtotheoverallreactioninthetwocasesI andII srenot
necessarilyidentical.Forit isnotpossibleto derivefromTableI
that U1 = ~1. Thereexist,however,betweenthevariousstrokedUz
valuescertainrelationswhicharegiveninthelowerpartofthetable.
‘, Theycorrespondexceptforthesign,whichforthe Uz is slwayspositive
fromthedefinition,completelyto therelationsbetweenthevarious
stroked5ZZ.
.
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Of thesixdifferentstrokedUz valuesshownintherightysrt
ofTable1 only3 aremutuallyindependentandthesecanbe obtained
fromsounddispersionmeasurements.Forthispurposeit isonlynecesssry
to comparetheexperimentallyobtainedispersioncurvewiththetwo
theoreticallyobtainedcurvesfortheoverallreactionsofcaseI and
caseIIrespectively.
IntherightpartofTable1 arefound6 equationswithwhichfor
theequilibriumcasethevelocitiesE’tend 62 oftheelemetary
.
reactionsareexpressedintermsoftheoverallreactionvelocitiesUm.
Sincealtogetheronly6 elementaryreactionvelocitiesexist(reactions
to leftandrightcountedseparately)itmightbe thoughthatthey
couldbe computedindividuallyfromthe Um values.Inthisway
mightperhapsbeprovedtheprincipleofmicroscopicreversibility
whichinthecaseofequilibriumrequiresthatthevelocitiesof
theelementaryreactionstotherightagreewiththevelocities
oftheelementaryreactionsto theleft.Thishoweverisonlya pure
assumptionwhichneednotbe satisfiedformaintaininga stateof
equilibriumandwhichisobviousonlyfortheover-allreactionsin .
eitherdirection.19
--+ -
Thesixequationsontherightof’Table1 forthe U7 and Uz .
arenotindependentofoneanother.Writingtheminthesomewhatclearer
form
.
(108)
19T0assumethelawofmicroscopicreversibilityas a generally
validlawofnatureis equivalentto denyingforthemolecularaspect
anytypeofchecksuchasnotonlyveryfrequentlyoccursinthe
microscopicaspectbutisoftenfoundofverygreatuse. I haveinmind
the“catch”typeofcontrolsuchasisusedinrotatingdoorsfor
regulatingthetrafficthroughthemandwhichcamalsobe observedin
nature(forexamplefortheartificiallyconstructedcasesof certain
meat-eatingplants).Naturallysucha catchcontrolinthemolecular
as~ectcannotbe describedby a fixedpotentialsurfacesuchas l
in~roducedforexampleby
B. 12,279(1931)forthe
heats.
H.‘~ringand-M.Polsnyi(Ztschr.physikal.them.
theoreticalinvestigationftheactivation
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now
for
+U1 snd %Z areobtainedasthequotientoftwodeterminantswhich
bothpossessthevalue
examlebecomes
1
0
0
0
1
0
zero.Thedeterminantinthedenominator
000
011
110
000
100
001
01
00
00
11
00
10
+
+
+
Itremainsunchan~edifto thefirstrowsresddedother
by thesignsgive;ontheright.Thereisthenobtained
roweddeterminant,sothatthelattervanishes.Forthe
numeratordeterminantsheproofisquiteanalogous.
(109)
rowsmultiplied
a newzero-
corresponding
Ifther~fore,fo~theequilibriumcaseit isdesiredto computethe
velocitiesUZ and Uz of theelementaryreactionfromtheoverall
reactionvelocitiesUz,assumedknown,furtherassumptionsmustbe made.
Theprincipleofmicroscopicreversibilitymightforexamplebe
tentativelyassumedascorrectsndtherewouldthenbe obtained
4
‘%=%Z=Uz
sadthereforefromequation(1o8)
U1 = *(U1- U* + Ul)
LQ =:(- + + q)
U3=;(U1+U2 -Ul)
(110)
(111)
(112)
(113)
If inparticular
U1.U2= Ul=u
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.
therewouldthusbe obtainedontheassumptionofthevalidityof the
principleofmicroscopicreversibility .
4 f++
= z G-=U =2
‘1 1=U2 2 3=U3=* (115) “
—
—:
Forthecaseofcompletecheckingofthere”actioni onedirection,on
thecontrary,therewouldbe obtained,ascm be easilyseenfromthe
schematicdiagramsontheleftofTable1,
and (116)
)
or
.
(117)
Thequestionasto themannerinwhichthethermodynamicequilibrium
betweenthethreeformsXl,X2,andX3 ismaintained,whethermicroscopically
reversibleorirreversible,remainsentirelyopenandthereexistsasyet
no experimentalpossibilityofprovidinga reliabledecision.Never-
thelessinverymanycasestheprincipleofmicroscopicreversibilitywill
havetobe assumedalthoughonthebasisofmoleculartheorythechecking
bymesasofthepotentialbarriersinthesenseofEyring-Polanyicould
be considered.Undertheseconditionsitispossiblefromsounddispersion
measurementsfortheequilibriumcaseto determinenotonlythe
velocitiesUZ oftheoverallreactionsbutalsothevelocitiesof Uz
oftheelementaryreactions.Thegivenprocedure,whichwashere
carriedoutonlyfora specialreactionkineticsystem,canreadilybe
generalizedto othercases.
3. ~igh-TemperatureSystems(Dissociation of 02 and cop)’
Wenowcometothemainconsiderationitselfofthepresent
paper,namelythekineticinvestigationofvery rapidhomogeneousgas
reactionsinthehigh-temperaturerangewheredissociationeffects
assumeprimeimportance.Theapplicationftheformula;willbe
clarifiedwiththeaidoftwoexamples,nsmely,thedissociation
ofpure02 andpureC02.
.
.
> ‘ ,
In the dissociationof pure 02, which we shalILconsider at T = 2600% and 1 atm, we are g
dealing with a single reactIonwbich again we denote by the index 1. We have
-~
Type of
Particle j Index Pj
w~=- 121.61kcal
wl
g= -23.56
Ji_ vjl
Nj b
(119)
(120)
(E?l)
02 1 0.97&l 1.0251 209.340tO 9.022
0 2 O.CWI 41.66 -2 4.965
p = 1.0000 VI = -1 (122)j
x
>_pJ=9.235t08.525,~=1.274tol.286
{-
1.274+ 0.274 (23.56)= 5.182
[A&= - (1.23dA1=lc~-
— 1,286+ 0,286(23.56)= 3.452 , (123b)
2%!ath values are taken from Johnston and Walker. The higher value from the Jcrur.Amer. u
Chem. Sot. 57,682 to 684 (1935),the lower value from Jour. Amer. Chem. Sot. 55,172,187(1933).+
The computationis here carried out with the two values, which differ appreciably,in order to
learn the effect of such uncertaintyon m and IC- m. Me higher ~ value is probably the
more correct since for it the 1% level (78$1.6cm-L)of the 02 is taken into account.
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—.
dWI
Bll= —Vl +x
2N
— - V12= 23.56+ 1 (1.025)+ 4 (41.66) - 1 = l&.23
RT ’31 NJ
(124)
WI
C1==-V1 =-23.56+1=-22.56 (123)
.-
.
Substitutingthesenumericalvaluesinequation(29)thereisobtained
forthedifferentialisentropicexponents
o Al
‘1 ’11 .
{
1.271- 0.0874= 1.1866 (~6a)
m=~+
1 Al 1.286- 0.0949= 1.1911 (126b)
c1 ’11
‘
Althoughintheexsmpleunderconsiderationlyabout1.2percentof the
02 isdissociatedthedifferencebetweentheisentropicexponentm and
theratioofthespecificheats ~ isalreadyquiteconsiderable,namely,
0.091t 0.004,i.e.7.1percentofthe tcvalue.
We shallnowestimateinwhatfrequencyrangethesounddispersion
by the
‘2 dissociationistobe expectedandwhatvaluesofthesound
velocityandsoundabsorptioncomeintoquestion.Theexcitationofthe
vibrationheatswillfirstbe assumedto followcompletelythesound
frequencies,i.e.we shallforthepresentdi.~pensewiththeKnesercase
ofthesounddispersion.
In equation(70)we nowrequireasa newconstentP1l,i.e.we
mustfirstesttiatethereactionvelocityUl:
3x109~numberof the bimolecularcollisions per secondof an Oatom
at 2730K arid1 atm.with other particles
3x 109(I-)=1x109 %numberofbimolecularcollisionsper.second
of m“O atomat2600°K and
particles
0.024x 109% numberofbimolecular
withotherO atomsat26000
1 Atm.totalpressurewithother
collisionspersecondofanO atom
K and1 Atm.totalpressure.
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O atoms
complex
eachof
a recombination
atoma’t26000K and1 atm.totalpressurewithother
inthepresenceof a thirdpsrticleofthecollision
ofthetwoO atomspossessesa lifeof 10-13seconds.
thelast-namedtermoleculsrcollisionsis suitablefor
ftheO atomstherefollowsfromequation(68):
%7 =
(2flf.2)
= o.218f (127)
LA
2.4x 103X 0.024
The2 inthenumeratorcompensatesxactlytheerrorarisinginthe
denominatorf omthefactthatinthesummationoverallsuccessful
collisionseachcollision,on accountofthetwoO atomsthattake
pat, wascountedtwice.
Theorderofmagnitudeof P1l canbe estimated,however,notonly
fromtherecombinationftheO atomsbutalsofromthedissociation
ofthe02 molecule,thoughlessaccurately.Assuminga monomolecular
reaction
-122x 103
Ulv
—= 0.976x1013x e ET
N
inwhichthefactor1013is
possessesthecorrectorder
u.v
uncertainby twopowersof
ofmagnitude,thenwe have
(128)
tenbutstill
for2600°K:
.L
—= 0.976x1013.x 10-10”25= 5.49X 102
N
(129)
sndtherefore
911= 2Trf = o.ol15f (130)
5.49x102
Theagreementbetweenthetwoentirelydifferentestimateswhich
leadto (127)and(130),respectively,isquitesatisfactoryandcan-
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notbe expectedtobebetter.We cont!inuethecomputationwiththe
followingnumericalvalues:Q,,= 0.2fad thefollowinaconstants v-
—
obtainedfrom~
Substitutingin
frequenciesf
to l(c).
In figures
frequenciesf
=“1.2Tk: “44
Al = 5.182 Bll= 190.23c1= -22.56 (131)
equation(70)thereareobtainedforthevarious
thenumericalvaluesgiveninTable2 endfigs.l(a) -.
l(a)to l(c)a logarithmics alewaschosenforthe
alongtheaxisof abscissasasis customsryinrepre-
sentingsounddisper~ionmeasurements.Themagnitudem, ~heso~d
velocitya,andthesmplitudedampingy referredtounitlength
withincreasingf passthrougha pointof inflectionwhichliesat
about1450cyclespersecond.Thelimitingvaluesof m, aswasto
be expected,are,forverylowfrequencies,thedifferentialisentropic
exponentforcompletequilibriumattainment,and,forveryhigh .
frequencies,theratioofthespecificheats ~ = 1.274.4)at constant
pressuread constantvolume.Thesoundvelocitya changesinthe
entiredispersionregionby about3.6percent. .Thesmplitudedampingz
percentimetersmountsto about2 x 10-3cm-~at thepointof inflection
so thatthe soundintensitydecreasesovera distsaceof 10 centimetersby
(1 - e-27x 10): 27x 10= 0.04timestheinitialintensity,or a lowering
by 4 percent. —
Thephaseangleq smdtheamplitudedamping72 perwavelengthZ
withincreasingfrequencyreacha maximumwhichsimilfilyliesat
about1450cyclespersecond,thenumericalvalueof cp beingverysmall
sincecp= 0.0349correspondsto2°. Thepreviouslygivenapproximation
equations(78)to (8o)me thusentirely-justifiedandthetermin
parenthesisproportionalto # canevenbe neglected.Themaximal72
valuesherecomputedonthebasisofdissociationareabout10times
aslsrgeastheformeryZ valueswhich,formoist 02 atroom
‘temperature,werefoundinaboutthesamefrequencyrangeandare
conditionedby incompletevibrationexcitation.21
As a secondhigh-temperatureexamplewe considerthedissociation
ofpure C02 betweenT = “2000and 3200°K ata totalpressurep = 1 atm.
Herewe mustconsidera totalof4 typesofparticles,nsmely,
C02,CO,02,smdO whichwe denoteby thep~ticleindex1 to 4 and
whichareobtainedonthebasisoftwooverallreactions.Thecorre- .
spendingstoichiometriccoefficientsVjz aregivenintable3.
21Kneser,H. o.,
.ztsc~.techn.Physik16,216(1935),fig.5. .
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againfirstbe computedtheisentropicexponentm for
completeattainmentof equilibrium.Therequirednumericalvaluesare
> giveninTable4. Sinceaccordingtothelatterthepartialpressure
of the O atoms is stillquitesmall,itisnaturaltousetwotypesof
computationsfortheisentropicexponentm, namely,theexactcomputation
takingintoaccounthetworeactions1 and2 (seeTable3)smdan
approximationcomputationi whichonlyreaction1 istskenintoaccount
andreaction2 neglected.Theisentropicexponent”obtainedby thesecond
.
methodwillbe denotedby m’. We thushave:
o Al A2
% %1 %2
m=~+@%l B22
P % ‘2.
and
o
‘1
% %m’=K+
1 Al “
c1 %1
(132)
(133)
SubstitutingthenumericalvaluesofTable4 thereisobtainedTable5
andfigure2. .
Theratio~ ofthespecificheatsrisescontinuouslyinthe
temperatureage 2000to 32000K becauseby theincreasinglystronger
dissociationthenumberofthe2- andl-atomoleculesincreasesat the
costofthe3-atomC02molecules.R - m smd K - m’ sxepositive
-
andincreasewithincreasingtemperatureon accountoftheincreasing
dissociation.Theisentropicexponentsm and m’ respectivelyrun
througha minimumbecauseabove2&10°K withincre&ingtemperatureK
* increasesmorerapidlythan ~ - m smd R - m’. Thevaluesm snd m’
obtainedwithandwithoutaccountakenofthe02 dissociation
respectivelydifferonlyverylittle.
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Thefactthattheapproximateexpression(133)yieldspractically
thesamenumericalvalueastheexactexpression(132)isdueto the
circumstancethatB22isconsiderablygreaterthsmtheabsolutevalues
oftheremainingtermsofthetwodeterminads.
developedinminorsthereisobtained
smd
o Al
~ B22
Al Bll
(134)
Ifthelatter=e
C2 B21 B22 (–
fromwhich m~m’. Theexpression
.
.
.
.
is considerablygreaterthantheotherBlm because,on accountofthe
stoichiometriccoefficientsVjz(seeTable3),itcontainsa term N/Nj
referringonlytotheO atomsand,sincethelatterisinversely
proportionaltothesmallpartialpressureP. oftheO atoms,itis
verylarge.
We shallnowconsiderthesounddispersionwhich~anbe“expected
inpure C02 onthebasisofthedissociationequations1 and2
(seeTable3)at2600°K andO.%@ atmtotalpressure.Forthis
purposewe mustfirstesttiatetheoverallreactionvelocitiesU
iand U2 fortheequilibriumcasewhichaccordingto equation(~ also
determinethevalues
~11 and cp2penteringequation(70).
We startwiththereactionvelocityU2 sinceitfisof small
effectfortheprocessofthesounddispersionandwe candispensewith
itsconsiderationbriefly.
.
Forifatcompleteattainmentof equilibrium
ofreaction1 thereaction2 wereno longerableto followtheincreasing
soundfrequencyf thenaccordingtoTable5 the m valueofequation(70) +
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wouldin orderofmagnitudeincreaseonlyfrom m = 1.1003to m’ = 1.1022,
. thatisveryslightlycompsredto thestage ~ - m’ = 0.0728whichwillbe
passedthroughifthereaction1 doesnotoccurtogetherwith2. Buteven
ifthereactions1 and2 inthessmefrequencyrangecanno longerfollow
thesoundfrequenciesthereis stillnobasisfoundfora lergereffect
ofthereaction2 on thedispersionprocess.We estimateasbeforethe
recombinationftheO atomsinthetermoleculsrcollision:
1 x 109 %nwnberofthebimolecularcollisionspersecondof enO atom
withotherpsrticlesat26QOoK and1 atmtotalpressure.
0.00679x109=6.79x106~numberofbimolecularcollisionspersecond
withotherpsrticlesof anO atomindissociatingC02at2600°K
and1 atmtotalpressure.
6.79X 106X 10-:3/10-9= 6.79x 102%numberof collisionspersecond
of anO atomindissociatingC02at2600°K smd1 atmtotal
pressurewithotherO atomsinthepresenceof a thirdparticle.
If eachofthesetermolecularcollisions
thereis obtained
.
%?2=
21ff2
6.79X 102 X 0.00679
leadsto recombi~ation
= 2.72f (135)
To estimatethereactionvelocityU1 we similsrly use the reverse
reaction,i.e.thecombustionofCOwith02 at2600°K inthepresenceof
excessC02sndtheO atomcontentof theequilibria.As elementary
reactionsthatdeterminethevelocitywe shalltakethefollowinginto
consideration=22
ElementaryreactionI:
CO+O+M+C02+M+ ca.125kcal
ElementaryreactionII:
CO +02+ C02+O+ca. 8kcal
(136)
(137)
ForthereactionI we estimate:
7x 109f3numberofbfioleculszcollisionspersecondof a COmolecule
.
at273°K snd1 atm.totalpressurewithotherpsrticles.
.-
22Jost,W.,Explosions-und
1939,P. 338.
Verbrennungsvorg%gein Gasen,Berlin
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7xlo9@mG= 2.27x 109%numberofbimolecularcollisionsper
secondof a COmoleculeat2600°K and1 atm.totalpressure
withotherparticles.
2.27x 109x 0.006w = 1.54x 107$Snumberofbimolecularcollisions
persecond”ofa COmoleculeat2@0° K and1 atm.totalpressure
withotherO atoms.
1.54x 107X 10-13x 2.26x 109= 3.5 x 103: numberof collisions per
secondof a COmoleculeat2600°K smd1 atm.totalpressure
tithO atomsin thepresenceof a thirdparticle.
IftheelementaryreactionI,whichisassumedto occurforeach
termolecularcollision,determinesingeneralthevelo”cityforthe
overallreaction2C0+ 02.4 2C02therewouldbe obtainedfrom
equation.(&3)
2nfx 2
P~~= 3.5x 103x 0.1628 =
2.2x lo-2f (138)
Inthehigh-temperaturerangetheelementaryreactionII of
equation(137)couldalsobe an importantfactor.Itundoubtedly
possessesa considerable,thoughasyetunknownactivationenergyqll.
We shallestimatewithvariousarbitrarilyassumedqII valuesandobtain:
2.27x109x 0..078=~.77x108Xnumberofthebimolecularcollisions
persecondof a COmoleculeat2600°K -and1 atmtotalpressure
with02molecules.
Theconversionprobabilitypersecondofa singleCOmolecule
witham02moleculeunderthessmetemperatureandpressureconditions
thenbecomes
-20000
1.77X 108X e 1.986x2600= 3.69x 106 for qll= 20 kcal
40000
1.77xlo8Xe 1“986X2600=7.69X104 for qll= 40 kcal
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Iftheelement-
. determinethevelocity
be obtained
45
reactionIIof equation(137)werealoneto
of thereaction2C0+ 02—~x02 thereWOUld
~~~ ‘
2Jcrx2 = 2.09x lo-5f for qll= 20kcal (139)
3.69x106X0.1628
‘Q-.= 2’JCrx2 = 1.007x10-3f for q_ = 40 kcal (140)
M 7.69x104X0.1628
2nfx2 “ =
’11= 1.604x 103x 0.1628
Thesevaluesof gll computed
11
4.82x 10-2f for qll= @ kcal (141)
on thebasisof reactionIIextendover
therage 2 x 10-5f to 5X 10-2fwhichticludesthevalue
Cpll=2.2x 10‘2f obtatiedfromequation(138).Thisis22 timesas
greatas thevalueof gll thatisobtainedfromequation(140)for
thereactionIIwith CPll= 40 kcal. AS long,thereforeas qll is
notconsiderablygreaterthan40 kcal,itmustbe possibleon thebasis
of sounddispersionmeasurementso distinguishbetweenthetworeaction
possibilitiesI andII andatthessmetimeitshouldbepossiblefrom
23 Therelationsaretestsatvarioustemperaturesto determineqll.
numericallyevenmorefavorablei.e. becomesalsogreaterthsn
‘II
40 kcal,ifwe droptwoof therestrictingassumptionsu edthusfar,
namely,thatthereactionI is successfulforeachthree-particle
23Case11,i.e.thereactionequation(137)isthemoreinteresting
as ittskesplacebetweentwoquite‘sta%letiitialmoleculesandstill
leadsto an activeparticle(Oatom)sothatchainscanbe initiated.
Theknowledgeof thereactionsbetweensuchstableinitialmolecules
wherehighactivationenergiesmustalwaysbe expectedisquitegener-
allyimportantformanystartingprocesses(inductionperiods)suchas
forexampleoccurintheprereactionsintheknockingengties.
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collisionandthatforthekineticprocessof IIonlytwoquadratic
energytermsareof importance.24 If inthefirstcaseonlythe
nthtermolecularcollisionleadstoa transformationandif,inthe
secondcase6 auadraticenergytermswereeffective2~therewouldbe
obtainedinpl~ceof (138):‘-
w =nx
sndinplaceofequation(140):
Q 1,005Xlo-3f..=
.
2.2x lo-2f (142) .
= 1.005Xlo-3f
30 (143)
Thismeansthattheexperimentaldifferentiationbetweenthereaction
possibilitiesI andIIwouldbecomestilleasierbecausethealready
largevalue(138)wouldbecomestilllargerandthesmallvalue(140)
stillsmaller.
We shallnowseeinwhatfrequencyrangethesounddispersionin
pure C02 at2600OK and1 atm,totalpressureistobe expectedand
whatnumericalvalues areassumedby thesoundvelocityand sound
absorption.We shallcomputethedispersioncurvesfromequation(~).
--
9
24Theprobabilityhata systemwith s quadraticenergyterms5
possessesa totalenergygreaterthan q isgivenby
2 ~ -1
~eIJTx 1 qa
‘s(q) ()rsJ2_jj
sothatfor s = 2 therefollowstheexpressionused
‘2(q)ze$
-.
SeeH. J. Schumacher,ChemischeGasreWtionen;p. 15,Leipzig1938.
254termsfromthevibrationsof theA CO and 02 t~rmafrom
relativemotionof thecollidingmolecules;or2 termsfromthe
tionand4 termsfromtherelativemotion:seeJ, J. Schumacher
cit.p. ’20.
the
02 vibra-
10C.
b
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Therequiredvaluesof AZ, BZm~~d c1
911 areusedtheroundednumericalvalues
(138),and(140),thatis,
CaseI: Pll= .Oaf
CaseII: Pll= .Oolf
are givenintable
oftheexpressions
(p22=2f
922= 2f
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4. For
(135),
(144)
Theresultsofthecomputationaregivenintable6 andfiguresSa to 3c.
The m smd a curvesin figure3aagainshowam S-shapedtrend
a&wasfoundtobe thecasein figurela forthe 02 dissociation.In
figure3a forthecaseIItwopointsof inflectioncanclearlybe seen:
thefirstat about500cyclespersecondforthesmallstageofthe 02
dissociation(02~20) ~d a secondoneat 1.5X 105cyclespersecond
forthelargestageofthe C02 dissociation2C~e2C0 + 02.
The Q and yl curvespossessinfigure3bmarkedmaxima(compare
alsofig.lb forthedissociationfpure 02 at2600°K and1 atm.)
whichmoreoverinthetwocasesI andII areatthessmeheightand
possessapproximatelythe 71 value0.1. Themaximum72 valuesare
thusevidentlytoa largeextentindependentoftheassumedreaction
velocityU1 forthe C02 dissociation.26
Theequallylargemaximumvaluesof 72 (dsmpingcoefficientper
wavelength)bringabouttheresultthatthedampingcoefficient7 percm
incaseII assumesontheaveragelargervaluesthanincaseI. More-
overinthereaction-kineticallydeterminedsounddispersiononlythe
72 valuesrunthrougha maximumwithincreasingfrequencywhilethe
y valuesapproacha constantmaximumvalue,27 whichlieshigherthe
higherthefrequenciesinthesounddispersionrange;Ymu is incaseII)
forexample,20 timesas largeas in caseI; seefigure30.
261tmaybe notedthatthemaximum72 valuein figurelblikewise
liesatabout0.1.
27Thereaction-kineticallydeterminedsoundabsorptioncorresponds
inopticsto acontinuousabsorptionwhichsetsin ata definitefre-
quencyrangewithconstantintensityandwhichextendsup to infinitely
highfrequencies.Thecaseof lightabsorptionina finitefrequency
rangerestrictedat eachend,suchas occurs,forexsmple,in color
filters,appearstohaveno counterpartin soundabsorption:
.
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Inordertoobtaina stillclearerpictureof themagnitudeof the
soundabsorptiondeterminedby purereactionkineticsthereareshown
—
..
infigure3d thecurvesof e-lOy and e-20Y.Thesegivethetrsms-
mittedfractionofthesoundenergyifthesoundwavejtraversesa dis-
tanceof 5 and10cmrespectively.IncaseIIfor107cpsonly2.7
or0.074percentoftheinitialsoundintensityremains.Above5.105cps
no soundmeasurementisanylongerpossibleifthesoundmusttraverse
a pathfrom5 to 10cmfromthesoundsourceovera mediumuniformly
.
heatedto2600°K. It isnotpossiblehowevertodispensewithsuch
measurementifsotidofdefiniteandcontrollablefrequencycanbe pro-
ducedat2600°K. As a resultof thistoohighsoundabsorptionthe
experimentallyaccessiblesounddispersionrangeisasyetinmanycases
forhigh-temperaturereactionslimitedtowardthehighfrequencies.We
shallreturntothisquestionlater.Butfirsttherewillbe discussed
othereffectsonthesounddispersionwhichforreaction-kineticalinvesti-
gationscanstiilarlyrestrictheusefulfrequencyrahgefortheeval-
uationof soundtests.
Trsmslatedby S.Reiss
NationalAdviso~Committee
forAeronautics *
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TABLE2
ESTIMNJIZDSOUNDDIS-ION ~ ~ 02 AT2600‘KAND3.ATM.
c ON THEBASISOFDISSOCIATIONALONE
f
[1~-l ‘ m ~ [’m~-l [;-q
71
10 1.1866 4.80 X 10-4 9.006X1041.675X 10-71.508x10-3
1x 1021l18694.78x10-3 9.007X1041.665 x 10-5 1.499 x 10-2
5x 102 1.1933 2.155 X 10-2 9.04Qx 104 3.746x id 6.773 x M-2
1X1O 3 1.2132 3.299X 10-29.107X10410138X10-31.036x10-1
2x 1031.2423.400x 10-29.21.7x1042.319x 1o-3~@@3x10-1
1x 104I.27zi1.031x 10-29.325x1043.474x10-33.239x 1o-2
1X1O 1.27M1.054X10-39.332x 104 3.550X 10-3 3.312x 10-3
.
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REACTIONEQUATIONS
FORTHE
51
Table3
ANDSTOICHIOMETRICCOEFFICH13NTS
DISSOCIATIONF C02
TypeofParticle C02 co 02 0
ParticleIndex 1 2 34
. Reaction1 =W02<=>2C0 +02 ~jl=2 4 -1 0 ‘1=-1
Reaction2 02~>20
l
‘J2=0 o 1 ‘- ‘2=–1
TABLE4
ROMSRIC!ALV UESFOR THE COMPUIM!CIOiVOF TRE DEFERERI IALIsEwTRoPIc EXFcmmrm
IW D12SCElXTRRl C02 (1 Etan.763 Eg)
Tin%
22-fiA42.....
i%
~~in Aim......
~OinAti. . . . . . .
P%in Aim . . . . . . .
poin Aim . . . . . . .
4
B. . . . . . . . . . .
Wlblkcal . . . . . . .
wginkcal . . . . . . .
Al . . . . . . . . . . .
+? . . ..”..”-..
Be . . . . . . . . . .
‘lo..””....’”
‘21....”’..’.
‘22’...””-.’.
cl . . . . . . . . . .
“2”...”...’.
, .
20W
0.0LU337
0.cc0708
O.’yyll
.01528
.co76J3
.00006
1.o18g4
L 16I.o
-1.32.79
-121.15
4.221
3.749
437.29
-lol.@
-~k.55
6.812x lo4
-32.43
-29.52
23M
O.oily
0.007?5
.9100
.oEb45
.03000
.(KX191
lank
1.1635
-x31.96
-EU.41
3.558
3.182
UU.96
-5.5
-7.83
4463
-27.88
-25.58
*
260
oao&35
0.0243
.7518
.16?8
.0780
.00679
,994
1.1750
-131.16
-121.61
3.2P
2.*5
67.09
11.%17
9.737
624.I.6
-z!4.40
-22.55
0.2235
0.0835
.5185
.3106
.1393
.03u6
.*
1.19%2
-130.31 .
-X21. 78
3.2/%
2.992
49.40
14.453
-J$?.973
155.73
-21.63
+?0.15
3200
O.@lo
0.22Q
.29I2
.MI.43
.176!)
.0923
1.0038
1.2350
-129A4
-121.q
3.554
3,2E
47.90
43.666
12.486
67.39
-19.37
-18.19
v
53
.
.
.
COMPARISONOFTHEDIFFERENTIAL
TABLE5
ISENTROPICEXPONENTSm AND m‘ WTTH
THEVALUEFORDISSOCIATINGC02
Tin °K
K
K -m
m
K - m’
m’
2000
I.1610
.031.2
1.Y298
.0310
1.1300
2300
1.1635
.0555
1.1080
.0548
L1087
2600
1.175a
.0747
1.1003
.0728
1.1022
2900
1.1982
.0939
1.1043
.0896
1.1086
3200
1.23W
.1195
1.1155
.1082
1.1268
.
.
.
.II!ABIX6
m~WOllDM2P22210Hm C02 AT2&J0% AuDl A!MoE~BAs12 CFDIOEWIWH.0H2
2ccpa2co+ + end qe20
;-q = ‘$ [maB-q& 71 1 .#07 ~-zoy[m]
CaseI
Ixloz 1.lm5 1.295x 10-3 7.6t?Qx ld 5.296X 10-6 4.067X 10-3 ‘(68.2 l.wm l.wm
lxlo3 l.lrw 9.25X 10-3 7.@5 x 104 3.779x lo~ 2.506x 10-2 76.95 .yJ& .9924
2xlo3 l.lop LEg3 x 1o-’2 7.705x loh 1.361x 10-3 5.3s3 x 10-2 3e.51 .*62 .9726
3xm3 1.U25 2.3I.2x m+ ~.-p2x ld 2.&?2x lo-s 7.2E0x M-2 25.75 .97a .*P
Sxld 1.1255 3.03nx 10+ 7.7P x Id 6.122X 10-3 9,516x u+ 15.$ .*7 .*
7XM3 l.lyjz 3.220x I@ 7.814X Id 9.065x 10-3 1.o1.1.x 1o-1 LI.16
lxlo4
.9UJJ .@+3
l.lJ@ 3.043.X1o-2 7.853x 104 1.217x 10+ g.!rflx 1o-2 7.853 .m%
2 X104 1.MO
-m9
2.036x M-2 7.912x ld 1.617X 10-2 6,396x M-2 3.95 .8507
lxlo5 1.1-p16 4.569x ID-3
.T37
7.937x d 1.EIMx 10+ 1.h35x 1o-2 .7937 .W .W
lxlog 1.173 4.X x Id 7.94.0 x ld 1;817 X 10-2 1.443x 10-3 JJ* .8339 .69%
lxlo7 1.17P 4.732x 10-5 7.940x 104 1.817 x lo-z 1.443x lo-k .OIT@, .8339 .@%
cam n
lXI!Y L my 4.925x ld 7,Ea5x K$ 2.013x u-J-6 1.9+7x IO-3 7@.5 Loam
Ixld 8.* x lo~
l.m
l.lolg
4
7.* x d 3.fMJx 10-5 2.8M x 10-3 76.90 .9996 .9
lxlo l..lmi 4.53x 10-3 7.@Q x d Lam x 10-3 l.w x lo* 7.69 .9fn5 .9633
3xlo~ l.llya 1.* x 1o-2 7,7m x d 1.* x 1o-2 Lop x lo-z 2.567 .0533
6 X104 1.1128
.7281
l!.2g5x I@ 7.724x d 5.@4 x 1o-2 7.210x 10-2 1.287 .5710 .&”&l
lxlo5 1.1257 3.o11x I@ T.-m x d 1.2X3 x 1o-1 9.46x 1o-2 .777 .2953 .@Tm
2XI05 l.lm 3.026x 10+ T.WJ x l!+ 2.419 X 10-1 9.7.?5 x 1o-2
.393
4XI05 1.1665
.oOyJ1 7.923x 10-3
Q.OW X ID-2 7.912 x d 3.208 X 10-1 6.*5 X ID-2 .lyre .oio44 1.635 X 10-3
lXI.06 1.1~5 8.g3>x 10-3 ~.932X IOb 3.539x If@ 2.ax3x 1o-2 .0793 .@@ 8.433X ld
lXI.07 1.lW 9.M3 x I@ 7.938X d 3.E05 x 10-1 2.%1 x 10-3 .m794 .027L9 7.393 x lo~
1 # . I
1,
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Figure1.-Estimatedsounddispersioninpure 02 at2600°K
totalpressureonthebasis of thedissociation02~ 2
referredto
and1 atmosphere
Oalone.
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Figure2.-Differentialisentropicexponentin pure C02 for fullequilibrium:
..c&
Cv = ratiofmolarheats,m
= exponentintheisentropiccurve
pvm =const.takingaccountofthetwoequilibria2C02~ 2C0+ 02 ~d
Oz~ 2 0.m’ =isentropicexponentfor thecase of thefirst reactionalone.
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Figure3.-Estimatedsounddispersionin C02 at2600°K and1 atmosphere
totalpressureonthebasis of thedissociations W02~ 2C0+ 02 and
02= 2 0.
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(d) Fractionof sound Intensi;ytranmltted for a path
Of 5 and 10 cm length.
